Introduction
Ocular surface disorders can be caused by a variety of foreign stimuli including non-infectious atopic and immunopathic agents and immunogenic damaged tissues, and infectious microbial pathogens. The ocular surface pathology is often manifested as keratitis, conjunctivitis or both (keratoconjunctivitis), which may also be accompanied with hyperplasia, metaplasia, or squamous neoplasia with abnormal growth of the ocular surface epithelium (http://eyewiki.aao.org/Ocular_ Surface_Squamous_neoplasia).
The eyelids in conjunction with the ocular surface play vital roles in maintenance of the normal eye function. The outer surface of the eyelid is keratinized skin tissue, a physical barrier against mechanical injuries and microbial invasions. The inner lining is conjunctival epithelium harboring goblet cells producing mucins of the inner layer of the tear film over the cornea. In between is the eyelid pocket comprising the Meibomian gland, continuously secreting lipid components forming the outer layer of the tear film, and the retractors and nerves responsible for eyelid blinking to refresh otherwise dry or irritants-contaminated tear film. Additionally, resident and bone marrow-derived immune cells in the eyelid serve as sentinels constantly performing surveillance of foreign pathogens and irritants (Foulsham et al., 2018; Suzuki et al., 2015; Kinoshita, 2010, 2012) .
In human embryonic development, the eyelid starts to form about 40-45 days of gestation and is completely closed about 15 days later. Eyelid does not reopen until seven months of fetal life (Pearson, 1980; Sevel, 1988) . The closed eyelid during this period is thought to create an isolated environment from potentially toxic amniotic fluid to ensure proper development of the ocular surface (Sevel, 1988; Zieske, 2004) . In rodents such as the mouse, eyelid remains closed postnatally for a couple of weeks. Despite this difference, the closed eyelid is considered to have similar protective function as in humans for the developing ocular surface (Zieske, 2004) . A series of changes in ocular surface epithelial differentiation were correlated with the timing of postnatal eyelid reopening (Chung et al., 1992; Watanabe et al., 1993; Zieske, 2004) , suggesting that ithe integrity of eyelid might be crucial for maturation of the ocular surface differentiation. Nevertheless, the essence of the postnatal on-time opening of the eyelid in mouse in regard https://doi.org/10.1016/j.exer.2018.12.012 Received 4 July 2018; Received in revised form 8 December 2018; Accepted 19 December 2018 to the ocular surface has not been addressed directly due to lack of genetic models.
Over the years, a number of genetically engineered mouse models have been generated in studying the eyelid. These include engineered mutations in components of major signaling pathways including FGF, BMP, TGFα/β, EGFR, SHH, and Wnt/β−catenin and PCP (Guo et al., 2018; Huang et al., 2009; Mine et al., 2005; Ohuchi, 2012; Rubinstein et al., 2016; Wang et al., 2006 Wang et al., , 2017 . Most of these mice are born with opened eyelid (EOB) and aberrant ocular surface (Ohuchi, 2012; Rubinstein et al., 2016) . A range of EOB mice also exhibited defects associated with orbital organs such as the orbital gland systems Wang et al., 2017) . Whilst they are helpful in understanding early development of the eyelid, ocular surface and associated organs, they may not be suitable or have not been used for determination of the functional relationship between well-developed ocular structures.
We recently demonstrated that Prickle 1-mediated planar cell polarity (PCP) signaling is crucial for eyelid development (Guo et al., 2018) . Ablation of Prickle 1 gene altered cell polarity and expression of beta-catenin and phosphorylated c-Jun of the eyelid front cells, which in turn lead to delayed embryonic eyelid closure. Despite the delayed eyelid closure, the ocular surface is developed normally, and no EOB phenotype was observed. Interestingly, a precocious eyelid reopening occurred at about postnatal day 10 with grossly normal eyelid morphology (Guo et al., 2018) . The Prickle 1 mutant mouse thus may provide an opportunity to investigate the effect of eyelid opening on homeostasis of the ocular surface. In this study, we characterized a series of morphological and molecular changes of the Prickle 1 mutant ocular surface, which correlated with the timing of the precocious eyelid opening and cell apoptosis in eyelid tissues. Our data suggest that the influence of the necrotic mutant eyelid tissue outweighs that of the eyelid opening per se on the ocular surface. We further characterized the expression profile of the mutant cornea pathology and proposed that the Prickle 1 mouse may serve as a model to study non-infectious ocular surface diseases and/or pathogenesis of other epithelial tissues.
Materials and Methods

Ethics statement
All animals were treated in strict accordance with the standards in the Animal.
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines, with approval from Animal Care and Use Committee (ACUC), Zhongshan Ophthalmic Center, Sun Yat-sen University.
Mice and genotyping
Prickle1 gene-trap mutant strain was generated as previously described by Liu et al., 2013 Liu et al., , 2014 . Straight knockout allele was created upon excision by Cre recombinase . Mouse genotyping was conducted as described previously (Liu et al., 2013 . Mouse strains used are with mixed genetic backgrounds from C57BL/6 and Sv129.
Histology
Postnatal mice were euthanized by cervical dislocation. Eyeballs with attached intact eyelids were dissected from the eye socket, and fixed in 4% paraformaldehyde for 24 h at 4°C. For paraffin sections, samples were washed 3 times in PBS (phosphate buffered saline), dehydrated in a series of alcohols and 3 times of xylene, then embedded in paraffin and sectioned at 10 μm with microtome (Leica RM 223, Wetzlar, Hesse-Darmstadt, Germany). Sections were stained with Hematoxylin and Eosin according to the manufacturer's instruction (UI0402, UBIO, Nanjing, Jiangsu, China). For frozen sections, after 4% PFA fixation, samples were merged in 30% sucrose for cryoprotection. Cryosections were cut at 15 μm with cryostat machine (M1950, Leica) followed by immunohistochemistry.
Immunohistochemistry, antibodies, TUNEL labeling and imaging
For immunohistochemistry, tissue sections were dewaxed and rehydrated using a standard protocol. Antigen retrieval was performed by boiling slides in 10 mM sodium citrate buffer (pH 6.02) with microwaves for 8 min. The sections were blocked with 10% donkey serum with 0.1% triton in PBS for 30 min at RT, then incubated with the primary antibodies at 4°C overnight. After washed with PBST (0.1% triton), sections were incubated with the fluorescent dye-conjugated second antibodies and mounted with Fluoromount-G (Southern Biotech, Birmingham, AL, USA). Fluorescence microscopy images were obtained using Zeiss confocal microscopy (Zeiss LSM880, Zeiss, Oberkochen, Germany) and Imager. Z2 equipped with ApoTome (Zeiss, Oberkochen, Germany).
Primary antibodies used in this study are: Anti-Ki67 (ab15580, Abcam, Shanghai, China), Anti-CD45 Antibody (30-F11, BD, Franklin Lakes, NJ, USA), anti-mucin 5AC (ab3649, Abcam), anti-Cytokeratin 1 (ab185629; Abcam), anti-Cytokeratin peptide 4 (C5176; Sigma, Saint Louis, MO, USA), Anti-Cytokeratin 12 (ab124975, Abcam), AntiCytokeratin 14 (ab7800, Abcam), anti-Pax6 (901301, Biolegend, San Diego, USA), Tuj 1 (801201, Biolegend), anti-sprr1a (ab125374, Abcam) and anti-s100a9 (ab105472, Abcam).
For detect cell death, deparaffinized sections were subjected to TUNEL staining (Cat. 11684795910; Roche, Basel, Switzerland) . The protocol has been described previously (Guo et al., 2018) .
Measurement of the corneal and conjunctival epithelium thickness and counting goblet cell number
Total six sections from each of the three animals for both wild type and the mutants were measured for epithelial thickness. The lesion areas with epithelial disruptions were excluded. Thickness was calculated as measured area (μm 2 ) divided by measured length (μm) using ImageJ. Area along ∼600 μm length of the corneal apex was measured. Same measurement was performed for conjunctival epithelium on the same section. Student's t-test was used to detect statistical significance.
For counting goblet cells, 3 sections of each eye, and total three eyes from each genotype were subjected to cell counting. Student's t-test was performed to detect p-values. Data are presented as bar graphs with the mean of cell numbers ± the standard deviations. Guo et al. Experimental Eye Research 180 (2019) 208-225 
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Operation of forced opening of the eyelid
Wild type P9 pups were anesthetized on ice for 5 min, then put on the stage of stereomicroscope. The eyelid area was cleaned with 70% ethanol before operation. A small incision was made at the upper and lower eyelid junction using a blade. The eyelids were then pulled by fingers to opposite directions until the opening fully reached the canthi. Total 18 pups of age P9 were subjected to operation. 3 pups were used for each age of P11, 12, 13, and 14. 6 pulps were used for P10. The eyeball with attached eyelids were dissected and subjected to histological examination. For each pup, the left eye was for control, and right eye was for experiment.
Cornea collection, RNA extraction, library construction, sequencing and raw data processing
The eyeballs from the wild type and the mutant mice at postnatal two weeks were dissected. Three biological replicates with 2 corneas for each replicate of both wild type controls and Prickle 1 mutants were subjected to RNAseq. Corneas were collected from the eyeballs by cutting along the corneoscleral junction and subjected to RNA extraction using MasterPure Complete DNA and RNA Purification Kit (MC85200, Epicentre, Madison, WI, USA) according to the manufacturer's instructions. A total of 100 ng RNA was sonicated into fragments of 300-400 base pairs using Bioruptor (Diagenode, Belgium RNAseq reads were subjected to quality control processed by FastQC (v0.11.5) and trimmed by Cutadapt (v1.9.1) to erase adaptors and lowquality bases. Trimmed reads were then aligned to the mouse genome NCBI37/mm9 using Tophat (v2.0.11) to achieve unique mapped reads through filter of NH tag of bam files.
Bioinformatic analysis
The RNA reads were calculated by FeatureCount with RefSeq NCBI37/mm9 transcriptome. Normalization of the mapped reads and calculation of differential expression/fold changes were performed by DESeq2 (Anders and Huber, 2010; Sahraeian et al., 2017) .
The differentially expressed genes were selected with given criteria of adjusted p values (q) < 0.05) and fold change > 2. Total 326 genes meeting with these criteria were subjected to gene ontology analysis (Ingenuity Pathway Analysis, Qiagen) to find the biological and pathological processes involved. Volcano plot was generated by Microsoft Excel, and heatmap for gene expression intensity was generated using program written with R.
Quantitative real-time PCR analysis
Three biological replicates with 2 corneas for each replicate of both wild type controls and Prickle 1 mutants were subjected to qPCR. The RNAs from the wild type and the mutant corneas at 2-week old were reverse transcribed into cDNAs. PCR reactions were prepared using iTaq™ Universal SYBR ® Green Supermix kits (1725120, Bio-Rad, CA, USA) according to the manufacture's instructions. Real-time PCR was then performed with an Roche LightCycler ® 480 systerm (05015278001, Roche, Basel, Switzerland). Gene expression (Ct values) was normalized to GAPDH expression. Changes of gene expression were calculated as: ratio/fold change = 2 −ΔΔCt . Graphs were plotted using GraphPad Prism 5 software.
Results
Precocious eyelid opening and ocular surface pathology in the Prickle 1 mutant mouse
Previously, assisted with keratinocyte markers, we noted precocious eyelid opening in the Prickle 1 mutant mouse (Guo et al., 2018) . We therefore closely examined the eyelid opening in the Prickle 1 mutants using whole mount ocular tissues and H&E-stained tissue sections. At postnatal day 9 (P9), about 30% (4 out of 12) of the mutant animals showed partial and unilateral opened eyelid ( Fig. 1 A, B) . At P10, all mutant mice (11 of 11) exhibited bilateral, partially or fully opened eyelid ( Fig. 1C and D) , about 4 days ahead of the wild type control mice (Fig. 1E) . On vertical sections, tissue debris was often observed overlaying cornea surface (Fig. 1B, D) . Corneal epithelium and stroma were thickened and exhibited dark basophilic stain and hence likely to be nucleic acid in origin (nuclei) from increased cell proliferation (Fig. 1D , F, G). The wild type eyelids opened fully at P15 with a wide separation between the upper and lower eyelid (Fig. 1E) . The mutant eyelids, although opened earlier (6 mutant animals), were closely apposed (Fig. 1F) . Partial attachment of the mutant lens to the corneal endothelium was sometimes observed on section (Fig. 1D, F , G, H), which has not been observed in the wild type controls (n = 6).
We next extended our examination to the whole ocular surface of the Prickle 1 mutant mice at a series of postnatal time points. By light microscopy, no obvious changes were observed in the mutant cornea epithelium before eyelid opening (P1 to P8), except for the frequent attachment of the lens to the cornea ( Fig. 2A-C) . However, after eyelid opening at P10 and P15, increased proliferating cells were detected in both corneal epithelium and stroma ( Fig. 2D and E) . The cornea epithelium was often totally disorganized and appeared ulcerated in the , P10 and P15 cornea vertical sections. CD45 labeling in wild type corneas at P10 and P15 was barely detected (left panels), whereas massively exhibited in the mutants. (E, F) CD45 positive cells were rare before eyelid opening at P5 and P8 in both wild type and the mutant conjunctival epithelium. (G, H), Sporadic CD45 positive cells were detected in wild type conjunctival fornix (cf) epithelium (left panels) at P10 and P15, whereas more CD45 labeling was detected in the mutants (right panels). r, retina.
D. Guo et al. Experimental Eye Research 180 (2019) 208-225 lesioned areas, where inflammatory cell infiltrated through the depth of cornea (Fig. 2E ). Similar to the corneal epithelium, the mutant conjunctiva was not notably altered before eyelid opening ( Fig. 2F-H ), but substantially thickened after eyelid opening, with increased epithelial proliferation ( Fig. 2I and J) . Of note, the wild type corneal and conjunctival epithelia were also thickened after eyelid opening, but to a lesser extent compared to the mutants ( Fig. 2I and J) . Measurement of the thickness of the corneal and conjunctival epithelia corroborated the histological findings ( Fig. 2K and L) .
Infiltrations of leukocytes and hyperproliferation of the cornea surface concurrent with mutant eyelid opening
To verify the observed cornea inflammation, we examined a panleukocyte marker-CD45 for inflammatory cell infiltrations. Before eyelid opening, CD45 expressing cells were rarely observed on corneal sections of both wild type controls and the mutants (Fig. 3A and B) . However, after eyelid opening, intense infiltration by CD45 positive cells was observed in corneal lesions often with overlaying tissue debris (Fig. 3C, D, Supplemental Figs. 1A and B) . Away from the area covered by tissue debris, the mutant cornea showed less CD45 staining (Supplemental Fig. 1C ). More CD45 positive cells were also detected in mutant conjunctival epithelium after eyelid opening ( Fig. 3G and H compared with Fig. 3E, F) .
To confirm the hyperplastic status of the ocular surface observed by H&E staining, we performed immunohistochemistry to detect cell proliferation with Ki67 antibody. Increased proliferative cells were found in virtually all lesioned corneal stroma after eyelid opening (Fig. 4A-D , Supplemental Figs. 1D and E) . Interestingly, the mutant lens epithelium also had more intense Ki67 labeling at P15 compared with that of the wild type (Supplemental Figs. 1D and E) . Conjunctival epithelium manifested a similar temporal pattern of Ki67 expression relative to (A, B) , Ki67-labeled proliferating cells were comparable between the wild type and the mutant corneas before eyelid opening at P5 and P8. ed, endothelium, below dashed line. lee, lens epithelium. (C, D) , Massive proliferation of stromal and epithelial cells in the mutant corneas at P10 and P15. (E, F), Proliferation of conjuntival epithelium was not altered before eyelid opening but remarkably increased after eyelid opening (G, H). r, retina. cf, conjunctival fornix. eyelid opening (Fig. 4E-H) . The conjunctiva Ki67-labeling appeared attenuated at P15 with no obvious epithelial lesion (Fig. 4H) .
Corneal metaplasia, excess goblet cells, increased Pax6 expression, and corneal nerve loss
As metaplasia often occurs in various corneal conditions (Chikama et al., 2008; Nowell et al., 2016) , we examined whether the ocular surface fate was also altered in the Prickle 1 mutant mice. Keratinocyte markers -K4, K12 and K14, are specific to conjunctiva, cornea and pan ocular surface epithelium, respectively. Before P10, K12 expression exhibited minor alteration in the mutants compared with that of the wild type controls (Fig. 5A-D) but was completely lost after P10 in areas of severe corneal lesion (Fig. 5E-H) . In contrast, K14 was increased in the mutant corneal and conjunctival epithelia at P10 and P15 (Fig. 5I-N ) except for areas of corneal lesion (Fig. 5L) . K4 was ectopically expressed in the mutant cornea epithelium (Supplemental Figs. 2A-D) . Expression of keratinocyte markers varied with severity of corneal lesion, but overall having the same trends (Supplemental Figs. 2E-H) . Additionally, mucin 5AC-stained goblet cells appeared fewer in the mutants before eyelid opening (Fig. 6A, B , E, F), but were substantially increased after eyelid opening at P10 and P15 (Fig. 6C, D, G, H) . (A-D), K12 expression was comparable between the wild type and mutant corneas before eyelid opening. r, retina. (E-H), Loss of K12 expression was observed in mutant cornea after eyelid opening at P10 and P15 (F and H compared with E and G, respectively). Arrow in F points to the lesion area. (I,J), Mutant K14 expression showed minor changes compared to that of wild type at P5. "ac", anterior chamber, "pc", palpebral conjunctiva. Arrow in "I" points to cornea epithelium. (K, L), K14 expression was significantly increased in the mutant cornea after eyelid opening at P10. (M, N) , Similar enhancement of K14 expression was observed at P15 mutant cornea.
Quantitative analysis showed significantly increased goblet cells in the mutant eyelid at P15 (Fig. 6I) .
To examine the general fate of the ocular epithelium, we used Pax6, a marker for ocular surface and limbal stem cells in the anterior eye (Li et al., 2015; Ouyang et al., 2014) . As shown in Fig. 7 , Pax6 expression was not markedly altered in the wild type control and the mutant cornea at P5 and P8 (Fig. 7A and B) . In contrast, a considerable increase in Pax6 expression was observed at P10 and P15 (Fig. 7C and D) . Lens (A, B) , Mucin 5AC-stained goblet cells of the mutant conjunctiva were less than that of wild type before eyelid opening at P5 and P8. (C, D) , More Mucin 5AC-positive goblet cells were detected in the mutant conjunctiva at P10 and P15. cf, conjunctival fornix. (E-H), Conjunctiva of lower lids. Similar as in the upper lids, Mucin 5AC-expressing cells of the mutant conjunctiva were less at P5 and P8, but were more than that of the wild type at P10 and P15. cf, conjunctival fornix. (I), Quantification of total Mucin5AC-positive cells. Mucin5AC positive cells of the conjunctiva from both upper and lower eyelids were counted on sections. 3 sections of each eye, and total three eyes from each genotype were subjected to cell counting. Student's t-test was performed to detect p-values. Data is presented as bar graphs with the mean of cell numbers ± the standard deviations. epithelial expression of Pax6 was also enhanced in the Prickle 1 mutants (Supplemental Figs. 2I and J) . In parallel, conjunctival Pax6 followed the same trend as the cornea, manifesting increased expression only after mutant eyelid opening (Fig. 7E-H) .
We next examined cornea nerves, which are susceptible to many types of cornea diseases. From E16.5-1 week of age, Tuj-1 staining of the wild type and mutant corneas did not show conspicuous difference in terms of innervation density (Fig. 8A-C , E-G). However, there was a noticeable loss of nerves in the mutant cornea apex starting from 2 weeks of age (Fig. 8D, H) . The mutant nerve loss was progressive and culminated at 3 weeks of age (Fig. 8I, M) , and slowly grew back but remained at subnormal densities (Fig. 8N, O) . By postnatal 9 weeks, typical whirl pattern was seen in the mutants resembling that of the wild type although nerve density was still considerably lower ( Fig. 8L,  P) .
The ocular surface of the wild type mice with artificially opened eyelids
The cornea lesion and inflammation might be due to an earlier exposure of the mutant ocular surface to the environments. To test such D. Guo et al. Experimental Eye Research 180 (2019) 208-225 hypothesis, we forcibly opened wild type eyelid at P9 (3 + 3 = animals) (a day before the mutant eyelid opening), and observed at P10 (Fig. 9A) , when the mutant phenotypes appeared. H&E histology and immunohistochemistry showed grossly normal ocular surface in all 6 animals ( Fig. 1B and C) despite increased cell death in the eyelids (Fig. 1D) . No obvious hyperproliferation or inflammation was detected in the corneal epithelium ( Fig. 9E and F) . We further examined epithelial markers for skin (K1), conjunctiva (K4), and cornea (K12 and K14), and did not detect significant differences between mutant and the control groups (Fig. 9G-J) . Similar observations were made in conjunctiva ( Fig. 9K-O) . We then followed up on the effect of eyelid operations on ocular surface inflammation up to P14 in daily intervals using CD45 as an indicator. We did not observe enhanced CD45 expression or corneal lesion at any of these time points (Supplemental Fig. 3 ). H&E staining revealed grossly normal corneal and conjunctival morphology, or with subtle differences which were not comparable to that of the mutant ocular surface (Supplemental Fig. 4) . D. Guo et al. Experimental Eye Research 180 (2019) 208-225 
Necrotic eyelid debris and the mutant cornea lesion
As noted previously, we often observed tissue debris overlaying lesioned areas of the mutant cornea (Figs. 1D, 3D and 5N ), implying that apoptotic/necrotic tissues might have contributed to the corneal inflammation. We further followed up on the necrotic tissue at P9 and P10, typically when the mutant eyelid demonstrated partially and fully open, respectively ( Fig. 10A and B) . The necrotic tissue debris was clearly visualized on the corneal surface at P10 connecting with the edges of the opened eyelids (Fig. 10B) . On serial sections of P9 (60 μm intervals), broken eyelid pieces mingled with inflammatory cells were observed, and some fell on the corneal surface (Fig. 10C-G 
, C′-G′, H-L).
On P10 and P15 serial sections (100 μm intervals), the necrotic tissue debris had partial attachment to the corneal surface (Fig. 10M-R) .
Pathological course of the ocular surface of the Prickle 1 mutant mouse
To grasp a landscape of the pathological course, we performed H&E histology on the mutant ocular surface from postnatal 2 weeks-7 weeks.
Severe inflammation was seen in the mutant cornea at postnatal 2 weeks (Fig. 11A) , and mostly resolved at 3-week of age (n = 5) (Fig. 11B) . No apparent inflammatory infiltration was detected on H&E-stained cornea sections after 3-week of age, and cornea epithelial morphology appeared largely normal (Fig. 11B-D) . In contrast, the conjunctiva epithelium remained thicker in the mutants, and goblet cells were more abundant and larger than those of the controls at 4 weeks ( Fig. 11E-H) . At postnatal 7 weeks, hyperplastic conjunctiva was still present in the mutants, interspaced with enlarged goblet cells (Fig. 11I-L) .
Gene expression profile of the Prickle 1 mutant cornea
To gain molecular insight into the mutant cornea pathology, we sequenced RNAs of 2-week-old corneas in which severe inflammation was often observed judging by H&E histology and immunohistochemistry. FeatureCount processed mapped RNAseq reads were normalized with DEseq2 to control false discovery. 326 genes appeared to have statistically altered expression under given criteria Boxed area in each panel was magnified to the right. Arrows point to eyelid debris and inflammatory cells. Note the hyperplastic cornea of Q and R which were well separated from the eyelid debris. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) D. Guo et al. Experimental Eye Research 180 (2019) 208-225 (q ≤ 0.05 & fold≥2) (Fig. 12A ). Two distinct groups of genes can be visualized from a volcano plot with expression fold changes from 2 to 32 and 32 above, respectively. To have an initial validation of the identified data set, we performed qPCR analysis on 9 upregulated genes including Sprr1a with the largest fold change among all others, and Klk13, S100a9, Il1f9, Il1f8, krt16, Pglyrp1, Anxa1 and Tlr5, representing genes with a range of fold changes in expression (Fig. 12B and C. Supplemental Table 1 ). qPCR results were in general consistent with that of the RNAseq data, except for Tlr5, which showed downregulation by qPCR analysis (Fig. 12B) . Thus, from examination of a small set of genes, 87.7% altered genes could be predictably verified.
To grasp key molecular events driving the corneal pathology we performed gene ontology analysis with Ingenuity Pathway Analysis (Qiagen) with most updated database. Under ontology terms of Diseases and Disorder, Molecular and Cellular Functions, and Top Functional Networks, and among upregulated genes with fold > 32, 26 are involved in dermatological diseases and conditions, 16 in immunological diseases and 14 in inflammatory diseases, 36 in cancers, and 36 in organ injuries and abnormalities (Table 1, Supplemental  Table 2 ). Notably, IL33, IL36B (IL1F8), IL36G (IL1F9), KLK10, KLK13, KLK8, LTF, S100A9 and SPRR1A are involved in psoriasis skin diseases (Balato et al., 2012; de Jongh et al., 2005; Komatsu et al., 2007; Mee et al., 2007) (D'Erme et al., 2015; Gresnigt and van de Veerdonk, 2013; Keermann et al., 2015) . 135 out of the group of 202 genes with fold changes between 2 and 32 are also involved in dermatological diseases and conditions, and 184 genes of this group are cancer related (Table 2,  Supplemental Table 3 ). Downregulated genes with fold change below −32 are generally relevant to connective tissue disorders, inflammatory responses, cancer and metabolism (Table 3, Supplemental  Table 4 ), which might reflect the status of cell health. We further confirmed upregulation of Sprr1a and S100a9 genes by immunohistochemistry. Mutant cornea showed locally enhanced staining for S100A9 and SPRR1A next to the lesioned area at P10 and P15 (Fig. 12D-G) . 
Discussion
Ocular surface diseases (OSD) constitute a substantial proportion of ocular disorders in humans. Etiologies for triggering OSD are complex in most cases involving interactions between genetic and environmental risk factors. The interconnected orbital tissues of eyelid, ocular surface, orbital glands and associated drainage system further complicate OSD manifestations and diagnosis. The eyelid supports normal eye function in many ways. Yet, its functional relevance to the ocular surface is largely unexplored. In this study, using a genetically engineered Prickle   Fig. 12. Cornea RNA profiling at P14. (A) , A volcano plot of RNAseq-generated mRNA transcripts. Three biological replicates with 2 corneas from each animal/replication for both wild type controls and Prickle 1 mutants were subjected to RNAseq. FeatureCount and Deseq2 were used to process RNAseq data given statistical criteria:q ≤ 0.05 & fold≥2. The RNAseq identified two distinct groups of altered genes with fold change > 32 (red dots in boxes 'a' & 'c') and between 2 and 32 (purple dots in 'b'), respectively. (B), Validation of 9 upregulated genes by qPCR analysis. All 9 examined genes, except for Tlr5, were confirmed by qPCR. (C) Heatmap shows 43 upregulated genes with expression fold change larger than 32. (D-G) Expression of S100a9 and Sprr1a in wild type control and Prickle 1 mutant corneas at P10 and P15 by immunohistochemistry. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 1 knockout mouse model with a precocious eyelid opening phenotype, we studied the potential impact of eyelid opening on ocular surface homeostasis. We examined characteristic ocular surface pathology in the Prickle 1 mutant mouse, and conducted forced eyelid opening in the wild type in comparison to address the causes contributing to the mutant pathology. These results are discussed below.
Ocular surface pathology induced by early eyelid opening in the Prickle 1 mutant mouse-contribution of autologous necrotic tissue
Within a day of eyelid opening, the mutant cornea and conjunctiva developed epithelia thickening and corneal lesions. These abnormalities are not developmental because the ocular surface fate is correctly specified before eyelid opening in the mutants (Guo et al., 2018; Zhang et al., 2005) . The ocular pathology concurrent with eyelid opening suggests that an earlier exposure of the ocular surface to the environmental pathogens or irritants might have played a role in the manifested phenotypes. However, no comparable ocular surface pathology was seen when wild type eyelid was forced to open at P9 and continued to be examined up to P14. Hence, the primary contribution to the ocular surface pathology appears to be from the mutant mouse itself. Admittedly the Prickle 1 mouse model is different from that of physical force-induced eyelid opening in many ways, thus one should excise cautions in comparison.
Of note, tissue debris overlaying areas of severe lesion in the mutant cornea is often observed. The damaged tissue, though yet to be characterized molecularly, often associates with the mutant eyelids, and may have dual roles in eliciting the cornea changes: generation of physical abrasion of the cornea surface and/or releasing cytotoxic contents to trigger further immune responses. Notwithstanding this hypothesis, there remains the possibility that other potentially unknown deficiency in the mutant mouse could have contributed to the ocular surface pathology. For example, susceptibility of the mutant immune system could be altered due to the disruption of Prickle 1 gene, which in turn interact with the environmental or commensal pathogens. Nonetheless, the quick resolution of the inflammation, normal performance and longevity of the mutant mouse argue against such possibilities. We therefore propose that the necrotic tissue debris rather than the earlier environmental exposure likely contribute most to the ocular surface pathology.
Still issues remain to be addressed regarding the molecular mechanisms of precocious eyelid reopening and tissue death in the mutant eyelid, which we are currently actively investigating. 
Molecular features of the induced ocular pathology in the Prickle 1 mutant mouse-implications of dermatological diseases
The Prickle 1 mutant mouse manifests a complex set of ocular surface pathology including increased proliferation of the ocular surface epithelium, increased goblet cells in the conjunctiva, altered cornea cell fate, and loss of nerve innervation. Several keratinocyte and ocular surface markers examined are altered in the Prickle 1 mutant cornea with upregulation of K4, K14 and Pax6 and downregulation of K12. Interestingly, downregulation of K12 and upregulation of K14 and Pax6 are also observed in the FGF-7 transgenic mouse, which exhibits cornea intraepithelial neoplasia (Chikama et al., 2008) . Increased CK4 (human K4) and CK14 (human K14) expression was reported in squamous cell carcinoma tissues of human ocular surface (Li et al., 2011) . Accordingly, the mRNA profiling and pathway analysis revealed a large portion of the altered genes are known to be related to cancer, psoriasis, immune and inflammatory responses. Most of these genes are not reported to be directly related to ocular surface diseases except for Sprr1a and S100a9 (Chaudhary et al., 2012; De Paiva et al., 2009; Li et al., 2011; Tong et al., 2014) . Therefore the data expand the profile of existing molecular markers for ocular surface diseases (Galor et al., 2016) . Because the corneal pathology mostly resolves at postnatal 3 weeks, the Prickle 1 mouse may be useful for identifying early markers or targets of neoplasia, despite the corneal pathology not being sustained to adult.The molecular features of Prickle 1 mutant cornea may also provide opportunity to study other types of epithelial diseases.
The transient nature of the mutant corneal pathology could be due to the fact that the necrotic eyelid tissues were cleaned off by tear washes and blinking. As such, it could also lead to the variability of the phenotypical presentations and hence, the RNAseq profile. In addition, the regional variability of corneal pathology in the Prickle 1 mutant also lends variance to RNAseq. Nonetheless, the presented data set gated by optimal statistical approaches with properly controlled stringency should offer new opportunities to understand characteristics of non- Guo et al. Experimental Eye Research 180 (2019) 208-225 infectious ocular surface diseases.
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